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The Drosophila columnar genes are key regulators of neural precursor formation and patterning along the dorsal–ventral axis of the
developing CNS and include ventral nerve cord defective (vnd), intermediate nerve cord defective (ind), muscle segment homeodomain
(msh), and Epidermal growth factor receptor (Egfr). To investigate the evolution of neural pattern formation, we identified and determined
the expression patterns of Tribolium vnd, ind, and msh, and found that they are expressed in the medial, intermediate, and lateral columns of
the developing CNS, respectively, in patterns similar, but not identical, to their Drosophila orthologs. The pattern of Egfr activity suggests
that the genetic regulatory mechanisms that initiate Tc-vnd expression are similar in Drosophila and Tribolium, whereas those that initiate Tc-
ind have diverged. RNAi analyses of gene function show that Tc-vnd and Tc-ind promote the formation of medial and intermediate column
neural precursors and that vnd-mediated repression of ind establishes the boundary between the medial and intermediate columns. These data
suggest that columnar gene expression and function underlie neural pattern formation in Drosophila, Tribolium, and potentially all insects,
but that subtle spatiotemporal differences in expression of these genes may produce species-specific morphological differences.
D 2005 Elsevier Inc. All rights reserved.
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Elucidating the molecular and genetic mechanisms that
govern where and when different cell types form during
embryogenesis (pattern formation) is central to our under-
standing of how animals develop. Understanding how
molecular modifications to these mechanisms alter devel-
opmental patterns over the course of evolution will illuminate
how natural selection molds animal development and adult
morphology. The insect central nervous system (CNS)
provides a powerful model system with which to study the
evolution of pattern formation. The CNS develops from
neural precursors (neural stem cells or neuroblasts) that arise
in a stereotyped spatiotemporal manner from the ventrolateral0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2004.12.031
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precursors divide reiteratively to populate the CNS with both
neurons and glia. Morphological studies indicate that the
pattern of CNS neural precursor formation is highly
conserved in insects (Duman-Scheel and Patel, 1999; Galant
et al., 1998; Thomas et al., 1984; Truman and Ball, 1998;
Wheeler et al., 2003; Wulbeck and Simpson, 2000, 2002).
Molecular and genetic studies point to the proneural achaete-
scute (ac/sc) genes as the primary factors that promote neural
precursor formation (reviewed by Skeath, 1999). However,
despite a three-fold difference in the number of proneural ac/
sc genes between Drosophila melanogaster (Diptera) and
Tribolium castaneum (Coleoptera), the pattern of CNS neural
precursors appears very similar (Wheeler et al., 2003). This
finding led to the idea that the constancy of neural precursor
patterning in these species is due to conservation of factors
upstream of proneural ac/sc gene expression. To test this
hypothesis, we focused on genes that pattern neural
precursors in the CNS of Tribolium.279 (2005) 491–500
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arises largely from work performed in Drosophila, where
genetic studies have revealed the genes and genetic
regulatory logic that pattern neural precursors along the
anterior–posterior (AP) and dorsal–ventral (DV) axes. In
Drosophila, the spatial integration of two independent
gene networks controls the patterning of CNS neural
precursors. Along the AP axis, the segment polarity genes
ensure that neural precursors develop in organized trans-
verse rows and that neural precursors in different rows
acquire different fates (reviewed by Bhat, 1999). Along the
DV axis, columnar genes ensure that neural precursors
arise in organized longitudinal columns and that neural
precursors that arise in different columns acquire different
fates (reviewed by Skeath, 1999). Superimposition of the
activity of these two networks leads to the activation of
proneural ac/sc genes in a stereotyped pattern of neural
equivalence groups (proneural clusters). Once activated,
proneural ac/sc genes promote the formation of a single
neural precursor from each cluster. This cell enlarges,
segregates into the interior of the embryo, and activates
neural precursor genes such as asense (ase). Once formed,
neural precursors divide reiteratively to produce neurons
and/or glia. Thus segment polarity and columnar genes
control the formation, patterning, and fate of CNS neural
precursors in Drosophila.
The activity of the Drosophila columnar genes sub-
divides the CNS into three parallel, longitudinal, DV-
restricted columns from which three distinct columns of
neural precursors develop. The activity of the Epidermal
growth factor receptor (Egfr) helps establish the expression
of ventral nerve cord defective (vnd), an Nk2-type
homeodomain gene, in the medial column and intermediate
nerve cord defective (ind), a GSX-class homeodomain gene,
in the intermediate column (reviewed by Skeath, 1999). vnd
and ind promote the formation of medial and intermediate
column neural precursors, since loss-of-function mutations
in vnd result in the loss of medial column neural precursors
(Chu et al., 1998; Jimenez and Campos-Ortega, 1990;
Jimenez et al., 1995; McDonald et al., 1998; Skeath et al.,
1994), and loss-of-function mutations in ind result in the
loss of intermediate column neural precursors (Weiss et al.,
1998). muscle segment homeodomain (msh), an MSX-type
homeodomain gene, is expressed specifically in the lateral
column and appears to promote the division and differ-
entiation of lateral column neural precursors (Buescher and
Chia, 1997; Isshiki et al., 1997). However, a gene that
specifically promotes the formation of lateral column neural
precursors has yet to be identified. The mutually exclusive
expression patterns of vnd, ind, and msh are maintained by
negative regulatory interactions in which vnd represses ind
expression in the medial column and ind represses msh
expression in the intermediate column (reviewed by Skeath,
1999). Thus, the activities of the columnar genes subdivide
the neuroectoderm into three DV columns, promote neural
precursor formation in their respective expression domains,and ensure that neural precursors that arise in different
columns acquire different fates.
To investigate the evolution of the genetic control of
neural precursor patterning, we identified Tribolium ortho-
logs of vnd, ind, and msh, and assayed their expression and
function during Tribolium CNS development. We observe
that the expression patterns of Tc-vnd, Tc-ind, and Tc-msh,
as well as the pattern of Tc-Egfr activity, are well conserved
between Tribolium and Drosophila, suggesting conserved
roles for these genes in neural precursor patterning. We used
RNAi analysis to demonstrate that Tc-vnd and Tc-ind pattern
the Tribolium neuroectoderm along the DV axis by
regulating neural precursor formation in the medial and
intermediate columns, respectively. Consistent with the
established function of Drosophila msh, RNAi analyses
showed that Tc-msh is dispensable for lateral column neural
precursor formation. These data suggest that in the last
common ancestor of Drosophila, Tribolium, and possibly
all insects, neural precursor formation and patterning were
dependent upon the columnar genes.Materials and methods
Tribolium culture and embryo collection
Tribolium were purchased from Carolina Biological and
maintained at 308C on white flour supplemented with 2%
yeast. Embryos were collected by size exclusion on a
standard testing sieve and fixed using standard Drosophila
protocols (Mitchison and Sedat, 1983).
Isolation of vnd, ind, and msh orthologs from Tribolium
The homeodomains of vnd, ind, and msh orthologs were
PCR amplified from genomic DNA using nested degenerate
primers corresponding to conserved amino acid positions. 30
PCR cycles (1 min 958C, 1 min 508C, 1 min 728C) were
performed in 1 PCR buffer (Promega), 0.2 mM dNTP,
1.5 mM MgCl2, 1 AM forward primer, 1 AM reverse primer,
0.4 units Taq/Al (Promega, Madison, WI), and 0.4 ng
genomic DNA/Al. Nested, degenerate PCR was performed
with the same conditions using a 1:100 dilution of the first
round PCR product as template. The following primer sets
were used: Tc-vnd, round 1 NKXFor (5VGTIYTITTYWSIA-
ARGCICAR3V) and NKXRev (5VIACIARIACIGGIACIGC-
IAC3V), round 2 NKXFor and NKXRev2 (5VYTTRTAICK-
RTGRTTYTGRAACCA3V). Tc-ind , round 1 GSXFor
(5 VACIGCITTYACIWSIACICAR3 V) and GSXRev
(5VICKICKIARICKISWIARRTA3V), round 2 GSXFor and
GSXRev2 (5VYTTIACICKICKRTTYTGRAACCA3V). Tc-
msh, round 1MSXFor (5VMGIAARCCIMGIACICCITTY3V)
and MSXRev (5VYTTYTCIADYTCIGCYTCYTG3V). After
amplification, products were cloned into pGEMT-easy,
sequenced, and analyzed for sequence similarity using
BLAST. Representative cDNA sequences were obtained by
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high stringency bySouthern blot (688C) to confirm the species
of origin and at low stringency (428C) to assess the presence of
additional orthologs.
Immunohistochemistry and RNA in situ hybridization of
whole mount embryos
Immunohistochemistry and RNA in situ analyses were
performed essentially as described previously (Skeath,
1998). Mouse 4D9 anti-Engrailed/Invected was used at a
1:5 dilution (Patel et al., 1989) and mouse anti-Active MAP
kinase (Sigma) was used at a 1:2000 dilution (Gabay et al.,
1997).
RNA-mediated gene interference
Tribolium RNAi was performed following standard
protocols (Brown et al., 1999). Double-stranded RNA was
generated using the Megascript T7 kit (Ambion) using PCR
template flanked by T7 sites. Typical double-stranded RNA
concentrations were 5–6 Ag/Al. Tribolium embryos were
collected after 2 h at room temperature, washed for 30 s in
2.5% bleach, injected in the side at ~50% egg length, and
allowed to develop at 308C in a humid box before fixation.
To identify neural precursors in wild-type and RNAi
embryos, we used their characteristic morphology and in
situ hybridization to Tc-asense, which marks all neural
precursors (Wheeler et al., 2003). For wild-type embryos,
we assayed neural precursor formation in segment A1 at 20
h of development at 308C. RNAi embryos showed a slight
developmental delay so that we counted the number of
neural precursors in each DV column in segment A1 at 24 h
of development at 308C.
Phylogenetic analysis
Protein sequences corresponding to the homeodomains of
Vnd, Ind, and Msh were aligned using CLUSTALW and
analyzed with programs from the PHYLIP package (Felsen-
tein, 1993) using either distance (PROTDIST) or parsimony
(PROTPARS) methods. To avoid bias in our analysis, the
Nk2- and Msh-specific domains were not included because
comparable domains do not exist in each protein.
Quantification of the DV-width of the vnd, ind, and msh
expression domains
To determine the DV width of the Tc-vnd and Tc-ind
expression domains, we counted the number of ectodermal
cells between the ventral and dorsal edges of the gene
expression domain in segment A1 at 20 h of development at
308C. At this stage, seven abdominal segments have
formed, as assayed by antibody staining for Engrailed.
The DV width of the Tc-msh expression domain was
assayed similarly, but in segment A1 at 22 h of developmentat 308C, a stage when nine abdominal segments are present.
Distance from the midline was measured as the average
number of ectodermal cells starting at, but not including, the
morphologically-distinct midline cells to the ventral edge of
the gene expression domain.Results
Identification of the Tribolium vnd, ind, and msh orthologs
Vnd, Ind, and Msh proteins can be grouped into distinct
homeodomain subfamilies based on a number of highly
conserved residues diagnostic for each family (Figs. 1A–C,
asterisks). We took advantage of these highly conserved
regions within each family and used degenerate PCR as well
as inverse PCR and RACE to isolate Tribolium orthologs of
vnd, ind, and msh. The identity of Tc-Vnd, Tc-Ind, and Tc-
Msh was determined by comparing their homeodomains with
their Drosophila and vertebrate orthologs using amino acid
alignments and phylogenetic analyses. Within the homeo-
domain, Tc-Vnd shows 98% (58/60) amino acid identity with
Drosophila Vnd and contains an Nk2-specific domain
separated from the homeodomain by a short linker region
(Fig. 1A). The most significant amino acid identity found in
Ind/Gsx proteins also resides within the homeodomain,
where Tc-Ind shares 87% (51/58) amino acid identity with
Drosophila Ind (Fig. 1B). Tc-Msh shares 95% (58/60) amino
acid identity with Drosophila Msh within the homeodomain
and also contains a conserved 13 amino acid sequence C-
terminal to the homeodomain that is shared by all Msx class
proteins (Fig. 1C). Another motif found in Drosophila Vnd,
Ind, and Msh proteins is the eh1 Groucho interaction domain
present near the N-terminus that loosely conforms to the
consensus sequence FxIxxIL (Smith and Jaynes, 1996). We
did not isolate the N-terminus of Tc-Vnd, but Tc-Ind and Tc-
Msh each contain eh1 motifs characteristic of their protein
families (Fig. 1D), suggesting that these proteins may interact
with the Tribolium ortholog of the Groucho protein.
To define the phylogenetic relationships between Tc-Vnd,
Tc-Ind, Tc-Msh, and their Drosophila and mouse orthologs,
we analyzed a homeodomain alignment using both distance
and parsimony methods. These studies consistently parti-
tioned Tc-Vnd within the Vnd/Nkx2.2 clade, Tc-Ind within
the Ind/Gsx clade, and Tc-Msh within the Msh/Msx clade
with high levels of support (Fig. 1E). However, the
homeodomain is short and contains a high degree of amino
acid identity likely obscuring the phylogenetic relationships
between individual proteins within each clade.
Our molecular and phylogenetic data therefore suggest
that Tc-Vnd, Tc-Ind, and Tc-Msh are genuine orthologs of
Drosophila Vnd, Ind, and Msh. To assess the presence of
additional vnd, ind, andmsh orthologs in Tribolium, we used
clones representing their respective homeodomains as probes
in low-stringency Southern hybridization. In these experi-
ments, each probe detected a single band. Although it remains
Fig. 1. The vnd, ind, and msh orthologs of T. castaneum. (A–C) Amino acid comparison of conserved domains from Tribolium, Drosophila, and mouse (A)
Vnd, (B) Ind, and (C) Msh. Amino acids conserved in two or more proteins are highlighted in yellow and asterisks indicate residues conserved in each class of
homeodomain. (A) In addition to the homeodomain, Vnd proteins share a high degree of amino acid identity within the Nk2-specific domain (NK2-SD). (B)
The homeodomain of Tc-ind is highly conserved. We did not identify an ind/GSX specific domain. (C) Msh (MSX) proteins share a highly conserved Msh-
specific domain (Msh-SD) immediately C-terminal to the homeodomain. (D) The eh1 Groucho interaction motif (FxIxxIL) is present in both Tc-Ind and Tc-
Msh. (E) Phylogenetic analyses of the Tribolium, Drosophila, and mouse Vnd, Ind, and Msh orthologs group Tribolium proteins within their respective clades.
The Drosophila homeodomain protein Engrailed serves as an outgroup. Support values given at each node for distance (top) and parsimony (bottom) methods;
branch lengths not to scale. Mm,M. musculus; Dm, D. melanogaster; Tc, T. castaneum. Nucleotide sequences have the following GenBank accession nos.; Tc-
vnd AY695256, Tc-ind AY695257, and Tc-msh AY695258.
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msh exist in Tribolium, these data argue that it is unlikely.
Tc-Egfr activity precedes the expression of Tc-vnd, Tc-ind,
and Tc-msh
To gain insight into the roles of Tc-vnd, Tc-ind, Tc-msh,
and Tc-Egfr during neural precursor patterning, we deter-
mined their expression/activity profiles in the developing
Tribolium embryonic CNS. Initially, we focused on the
dynamics of Tc-Egfr activity, because this precedes and is
required for the expression of vnd and ind in the Drosophila
embryonic CNS (Skeath, 1998; von Ohlen and Doe, 2000;
Yagi et al., 1998; Zhao and Skeath, 2002). In the Drosophila
embryo, Egfr signaling activates MAP kinase (MAPK) in the
neuroectoderm prior to neural precursor formation via the
conserved RAS signaling pathway (Gabay et al., 1997). To
visualize Egfr activity in Tribolium embryos, we used an
antibody specific for the active, dual-phosphorylated form of
MAPK. In the pregastrula embryo, we detect Tc-Egfr activityin a narrow DV-restricted stripe on either side of the midline
prior to the appearance of Tc-vnd, Tc-ind, and Tc-msh
expression (Fig. 2A). During gastrulation, the domain of
Tc-Egfr activity widens to encompass the prospective medial,
and likely intermediate, neuroectodermal columns (Fig. 2D).
Prior to neural precursor formation, Tc-Egfr activity then
becomes restricted to a single column of ventral epidermal
cells on either side of the midline; these cells retain Egfr
activity throughout germband extension (Figs. 3A and B).
These dynamics of Tc-Egfr activity appear nearly identical to
Egfr activity in the Drosophila neuroectoderm, suggesting
that, as in Drosophila, Egfr activity indirectly governs neural
precursor patterning through the regulation of later-acting
patterning genes such as Tc-vnd and Tc-ind.
Tc-vnd expression defines the medial column of the
neuroectoderm
Shortly after we detect Tc-Egfr activity in the pre-
gastrula embryo, Tc-vnd expression initiates in a stripe of
Fig. 2. Tc-vnd, Tc-ind, Tc-msh, and Tc-MAPK expression/activity in the early Tribolium embryo. (A–C) Ventral views of pregastrula Tribolium embryos
stained for (A) the active form of Tc-MAPK, (B) Tc-vnd RNA, and (C) Tc-MAPK activity (brown) and Tc-vnd RNA (blue). (D–G) Ventral views of 15-h
Tribolium embryos stained for (D) active Tc-MAPK, (E) Tc-vnd RNA, (F) Tc-ind RNA, and (G) Tc-msh RNA. (A) Tc-MAPK is active in a thin longitudinal
stripe on either side of the pregastrula embryo. (B) Tc-vnd is expressed in a longitudinal stripe on either side of the ventral midline. (C) The expression of Tc-
vnd and the activity of Tc-MAPK largely overlap prior to gastrulation; inset shows high magnification view of Tc-vnd RNA and active Tc-MAPK
colocalization. Staining for active Tc-MAPK is more extensive than Tc-vnd RNA (compare panels A and B) but is not apparent in this image due to the
curvature of the embryo. (D) In developmentally younger (more posterior) segments, Tc-MAPK is active in a wide swath of neuroectodermal cells. In
developmentally older (more anterior) segments, Tc-MAPK activity becomes restricted to ventral epidermal cells on either side of the midline. (E) Tc-vnd RNA
is initially expressed in a nearly identical pattern to active Tc-MAPK in the neuroectoderm. In older segments, however, Tc-vnd RNA becomes restricted to the
medial neuroectodermal column. (F) Tc-ind expression initiates after gastrulation in the intermediate column of the neuroectoderm. (G) Tc-msh is not expressed
in the neuroectoderm after gastrulation, but is expressed in a large cell cluster lateral to the neuroectoderm (asterisk). All images are photomontages. Horizontal
bars indicate the ventral midline. Anterior, to the left. Scale bars in A–C = 50 AM and in D–G = 100 AM.
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2B and C). After the onset of gastrulation, the Tc-vnd
expression domain widens and becomes coincident with Tc-
Egfr activity in the medial neuroectodermal column and the
CNS midline, suggesting that Tc-Egfr activity positively
regulates Tc-vnd expression at this stage (compare Figs. 2D
and E). As development proceeds, Tc-vnd expression is
extinguished in the CNS midline (Fig. 3C, arrow) and is
thus restricted to the 2–3 cell wide medial neuroectodermal
column (Table 1). Neural precursors that segregate from the
medial column initially express Tc-vnd but extinguish
expression shortly thereafter. As CNS development pro-
ceeds, Tc-vnd expression turns off in a narrow 1–2 cell wide
transverse row of cells at the anterior of each segment (Figs.
3C and D). The dynamics of Tc-vnd expression are similar
to those of Drosophila vnd (Mellerick and Nirenberg, 1995)
and suggest that Tc-Egfr activates Tc-vnd in the medial
column and that Tc-vnd then acts within this domain to
pattern the medial column of the developing Tribolium
CNS.
Tc-ind expression defines the intermediate column
We first detect Tc-ind expression after gastrulation, well
after the onset of Tc-Egfr activity in the CNS, suggesting
that Tc-Egfr activity is not sufficient to promote Tc-indexpression (Fig. 2F). Prior to and during neural precursor
formation, Tc-ind is expressed in a column of neuro-
ectodermal cells immediately dorsal to the Tc-vnd expres-
sion domain (Table 1). Tc-ind expression is not continuous
within the intermediate column, as cells in the anterior one-
fourth of the intermediate column never express Tc-ind
(Figs. 3E and F). As intermediate column neural precursors
form, they maintain Tc-ind expression while overlying
neuroectodermal cells extinguish Tc-ind expression (Fig.
3E, arrowhead). By the end of germband elongation, Tc-ind
expression is downregulated in all but two neural precursors
in each hemisegment. The dynamics of Tc-ind expression
suggest that it regulates neural precursor formation through-
out most of the intermediate column, but that other factors
govern this process in the anterior domain of this column.
This contrasts with the continuous expression of ind
throughout the intermediate column in Drosophila (Weiss,
1998) and suggests divergent upstream regulation of ind
orthologs in Tribolium and Drosophila.
Tc-msh is not expressed in the lateral column until after the
onset of neural precursor formation
In contrast to Tc-vnd and Tc-ind, Tc-msh is not expressed
in the CNS until well after the initiation of neural precursor
formation. Thus, Tc-msh does not regulate the formation or
Fig. 3. The expression/activity of Tc-vnd, Tc-ind, Tc-msh, and Tc-MAPK in germband-extended Tribolium embryos. Ventral views of germband-extended
embryos stained for (A and B) Tc-MAPK activity, (C and D) Tc-vnd RNA, (E and F) Tc-ind RNA, (G and H) Tc-msh RNA. (A and B) Shortly after gastrulation
ends, Tc-MAPK activity is restricted to ventral epidermal cells that lie ventral and adjacent to the CNS midline. (C and D) Tc-vnd expression is restricted to the
medial column, but is absent from the CNS midline (arrow) and a transverse row of cells at the anterior of each hemisegment (arrowhead). (E and F) In younger
segments, at the posterior, Tc-ind is expressed in the posterior two-thirds of the intermediate column (arrow). In older (more anterior) segments, Tc-ind expression
is absent from the neuroectoderm but is expressed in intermediate column neural precursors (arrowhead). (G) Tc-msh expression is maintained throughout
germband elongation in a cluster of dorsal ectodermal cells (arrows). (H) After the onset of neural precursor formation, Tc-msh expression initiates in clusters of
cells in the lateral column (arrowhead). Images in A, C, E, and G are photomontages. M, medial neuroectodermal column; I, intermediate column; L, lateral
column. Horizontal lines indicate the ventral midline. Anterior, to the left. Scale bars in A, C, E, and G = 100 AM and in B, D, F, and H = 25 AM.
S.R. Wheeler et al. / Developmental Biology 279 (2005) 491–500496fate of early-born neural precursors. We first detect Tc-msh
expression after the onset of gastrulation in a diffuse pattern
of dorsal ectodermal cells extending from the dorsal edge of
the neuroectoderm to the lateral edge of the germband (Fig.
2G, asterisk). Expression of Tc-msh in this pattern persists
throughout germband elongation (Fig. 3G, arrow). In the
CNS, Tc-msh expression initiates after the onset of neural
precursor formation in small clusters within the lateral
column (Fig. 3H, arrowheads), as well as in lateral column
neural precursors. The sequential appearance of distinct Tc-
msh-expressing clusters in the lateral column ultimatelyTable 1
Expression of Tc-vnd and Tc-ind aligns precisely with the DV limits of the medi
Gene expression
Tc-vnd Tc-ind Tc-msha
DV widthc 2.4 F 0.48 (n = 40) 2.2 F 0.37 (n = 26) 2.5 F 0.67 (n = 3
DFMd 0.0 F 0.00 (n = 40) 2.7 F 0.49 (n = 26) 5.2 F 0.44 (n = 3
Parentheses indicate the number of hemisegments scored in segment A1 at 20-h
a Measurements taken in segment A1 at 26-h development (308C) due to the lat
b Intermediate column proneural cluster width is the average number of ectoderma
the ventral edge of lateral column proneural clusters.
c DV width is a measurement of the average number of ectodermal cell diamete
d Distance from the midline (DFM) is the average number of ectodermal cell diaresults in the presence of a continuous column of Tc-msh-
positive cell clusters and neural precursors (Fig. 3H, Table
1). These dynamics of Tc-msh expression suggest that,
unlike in Drosophila, Tc-msh only functions in late-forming
lateral neural precursors.
The relationship between Tc-vnd, Tc-ind, and the proneural
ac/sc genes
In Drosophila, vnd and ind control neural precursor





2) 2.3 F 0.55 (n = 27) 2.2 F 0.42 (n = 27) 2.5 F 0.64 (n = 27)
2) 0.0 F 0.00 (n = 27) 2.6 F 0.50 (n = 27) 4.6 F 0.85 (n = 27)
development (308C).
e initiation of Tc-msh in the neuroectoderm.
l cell diameters from the dorsal edge of medial column proneural clusters to
rs from the ventral to the dorsal edge of the expression domain.
meters from the midline to the ventral edge of the expression domain.
Fig. 4. Tc-vnd and Tc-ind are required for neural precursor formation. (A–E)
High magnification (80) images of two segments of the Tribolium CNS.
In wild-type embryos, (A) Tc-ind expression is restricted to intermediate
column neuroectodermal cells and (B) Tc-ase expression and their
characteristic morphology identify CNS neural precursors. In Tc-vnd RNAi
embryos, (C) Tc-ind expression expands into the medial column and (D)
fewer medial column neural precursors arise; arrowheads point to the
position of the medial column in this segment. The AP extent of Tc-ind
expression, as measured by the number of cell diameters between Tc-ind
expression domains in consecutive segments, is unaffected in Tc-vnd
embryos. Note, the embryo in C is smaller than in A. In Tc-ind RNAi
embryos (E) fewer intermediate column neural precursors are formed;
arrowhead indicates the position of the intermediate column in this
segment. In the lower hemisegment, lateral column neural precursors have
shifted to a more ventral position. M, I, and L denote the positions of the
medial, intermediate, and lateral neuroectodermal columns, respectively;
horizontal lines indicate ventral midline; vertical lines indicate segmental
boundaries. Anterior, to the left. Scale bars = 25 AM.
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and lateral columns (Chu et al., 1998; McDonald et al.,
1998; Skeath et al., 1994; Weiss et al., 1998; Yagi et al.,
1998). Because of the similarities of the vnd and ind
expression patterns in Drosophila and Tribolium, we
examined the relationship between the expression of Tc-
vnd, Tc-ind and the sole Tribolium proneural ac/sc gene, Tc-
ASH. In these studies, we focused on the earliest stage of
neural precursor formation due to the simplicity of the Tc-
ASH expression pattern at this stage and the later down-
regulation of Tc-ind. During this stage, Tc-ASH is expressed
in two distinct proneural clusters per hemisegment: one in
the medial and one in the lateral column. Using these Tc-
ASH-expressing clusters as guides, we determined the DV
width of proneural clusters in the medial, intermediate, and
lateral neuroectodermal columns, and compared them to the
DV width of Tc-vnd and Tc-ind expression (Table 1). We
observe that the Tc-vnd expression domain precisely aligns
with that of Tc-ASH in the medial column and that the Tc-
ind expression domain precisely matches the DV width of
the intermediate column. These data are consistent with a
model whereby Tc-vnd and Tc-ind control Tc-ASH expres-
sion, and thus neural precursor formation, in the medial and
intermediate columns, respectively.
Tc-vnd and Tc-ind are required for neural precursor
formation
In Drosophila, vnd and ind promote neural precursor
formation in the medial and intermediate columns of the
CNS, whereas msh promotes the division and differentiation
of lateral column neural precursors and their progeny. In
Tribolium, Tc-vnd and Tc-ind are expressed in similar
patterns to their Drosophila orthologs, suggesting that the
regulatory relationships between vnd and ind and their roles
in neural precursor formation are conserved between
Drosophila and Tribolium. The divergent patterns of msh
expression in Tribolium and Drosophila suggest that Tc-msh
may not play a role in lateral column neural precursor
formation. To test these hypotheses, we used double-
stranded RNA interference (RNAi) to test the function of
Tc-vnd, Tc-ind, and Tc-msh during Tribolium neural
precursor formation.
We tested the role of Tc-vnd during CNS development
by assaying neural precursor formation, as well as Tc-ind
and Tc-msh expression, in embryos injected with double-
stranded Tc-vnd RNA, referred to hereafter as Tc-vnd RNAi
embryos. The formation of neural precursors was assayed
both by morphology and expression of Tc-asense (Tc-ase),
a molecular marker for all neural precursors. In Tc-vnd
RNAi embryos, we observe a severe to complete reduction
of Tc-vnd transcript (data not shown), an expansion of Tc-
ind expression into the medial column (Fig. 4C), and an
85% reduction in the number of medial column neural
precursors relative to buffer-injected control embryos (Fig.
4D and Table 2). However, there is no change in thenumber of intermediate and lateral column neural precur-
sors or in the expression of Tc-msh. These data indicate
that Tc-vnd acts specifically in the medial column to
promote neural precursor formation and to repress Tc-ind
expression.
Tc-ind RNAi embryos exhibit a dramatic reduction in
the formation of intermediate column neural precursors,
with little or no effect on the formation of medial or lateral
column neural precursors (Fig. 4E). Relative to buffer-
injected controls, Tc-ind RNAi embryos show an 80%
reduction in intermediate column neural precursors as
assayed by morphology and Tc-ase expression (Table 2),
showing that Tc-ind promotes the formation of intermedi-
ate column neural precursors. Tc-vnd and Tc-msh expres-
sion appear grossly normal in Tc-ind RNAi embryos. Tc-
msh expression is unlikely to be effected in Tc-ind RNAi
as its expression initiates in lateral column proneural
clusters at later stages, likely independent of Tc-ind
regulation.
In Tc-msh RNAi embryos, we observe no gross defects in
neural precursor formation, or Tc-vnd or Tc-ind expression,
Table 2
Tc-vnd and Tc-ind promote neural precursor formation in the medial and intermediate columns
Buffer dsTc-vnd dsTc-ind dsTc-msh
Medial column 4.6 F 1.11 (n = 54) 0.71 F 1.01 (n = 94) 4.7 F 0.55 (n = 82) 4.5 F 0.59 (n = 66)
Intermediate column 2.4 F 0.63 (n = 54) 2.1 F 0.49 (n = 94) 0.46 F 0.69 (n = 82) 2.3 F 0.67 (n = 66)
Lateral column 3.2 F 0.53 (n = 54) 2.8 F 0.52 (n = 94) 2.9 F 0.57 (n = 82) 2.9 F 0.55 (n = 66)
Measurements are average number of neural precursors formed per hemisegment assayed by Tc-ase expression and the characteristic morphology of neural
precursors. Parentheses indicate the number of hemisegments scored in segment A1 at 20-h development (308C).
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expressed in the CNS until after the onset of neural
precursor formation and therefore would not likely show
an effect on neural precursor formation at the time we
assayed. The complexity of the neural precursor pattern at
late stages precludes a detailed analysis of the development
of individual neural precursors. Nevertheless, the absence of
gross defects in neural precursor formation at late stages
suggests that Tc-msh plays, at most, a minor role in the
formation of lateral column neural precursors. Thus, Tc-msh
appears largely dispensable for lateral column neural
precursor formation and for the formation of the boundary
between the intermediate and lateral columns, but may be
involved in the division and differentiation of lateral column
neural precursors and their progeny.Discussion
The work presented here tested the hypothesis that the
constancy of neural precursor patterning in insects is due
to the conservation of columnar gene expression along the
embryonic DV axis. We found that the expression/activity
patterns of Tc-vnd, Tc-ind, and Tc-Egfr closely resemble
those of their Drosophila orthologs, and that Tc-vnd and
Tc-ind pattern and promote the formation of neural
precursors in the medial and intermediate columns. These
data support a model whereby the stereotyped pattern of
neural precursors shared by Drosophila, Tribolium, and
other insects has been conserved since the early evolu-
tionary origins of vnd, ind, and Egfr. However, significant
differences exist between the expression patterns of Tc-msh
and Drosophila msh, while more subtle differences occur
between Tc-ind and Drosophila ind. These molecular
changes may underlie cellular differences in neuronal
specification and/or physiology between Drosophila and
Tribolium, potentially conferring species-specific neural
patterns and behaviors.
Conservation in neural precursor formation and patterning
The identification of vnd, ind, and msh in Tribolium and
Drosophila, in combination with molecular and morpho-
logical studies of extant insects, supports a model whereby
the conserved pattern of neural precursors observed in
insects is due in part to the conservation of the expression
and function of Tc-vnd and Tc-ind. Three lines of evidencesuggest that the expression and function of vnd and ind
orthologs have largely remained constant since the diver-
gence of Drosophila and Tribolium. (1) vnd and ind are
expressed in similar DV-restricted domains in the develop-
ing Drosophila and Tribolium CNS. (2) vnd and ind
function in both Drosophila and Tribolium to promote the
formation of medial and intermediate column neural
precursors, respectively. In Drosophila, vnd and ind act
through proneural ac/sc genes to promote neural precursor
formation, we speculate that Tc-vnd and Tc-ind act similarly
through Tc-ASH. (3) The ability of vnd to repress ind
expression and thus establish the boundary between the
medial and intermediate columns is conserved in Tribolium.
These data suggest that vnd and ind subdivided the CNS
into three longitudinal columns in the last common ancestor
of Drosophila and Tribolium.
Variation in the formation and patterning of the insect CNS
In addition to the neural precursor pattern, the pattern
and axonal morphology of individually identified neurons
also appear well conserved between insect species (Thomas
et al., 1984; Whitington, 1996). However, within the well-
conserved framework, species-specific differences arise
both in neuronal pattern and connectivity. Our work has
revealed subtle differences in columnar gene expression and
function between Drosophila and Tribolium that could
underlie species-specific differences in neuronal physiology
and behavior. For example, Drosophila msh is initially
expressed throughout the lateral column prior to neural
precursor formation at the same time as vnd and ind. This
early phase of msh expression is regulated by the activity of
ind and decapentaplegic, and abates early in neurogenesis
(Isshiki et al., 1997; von Ohlen and Doe, 2000). Genetic
studies of early msh function show that msh regulates the
division and differentiation, but not formation, of early-
forming lateral column neural precursors and their progeny
(Isshiki et al., 1997). Although little is known about its
regulation, a late phase of msh expression initiates in lateral
column proneural clusters and neural precursors (Isshiki et
al., 1997). Our results show that Tc-msh shares the late but
not early phase of msh expression pattern with Drosophila
msh. The presence or absence of msh in early-forming
lateral column neural precursors in these species will
therefore not affect the formation of lateral column neural
precursors, but may alter the fate or proliferation of neural
precursors and their progeny. These differences could
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number and/or physiological properties of neurons derived
from lateral column neural precursors between species.
Such differences might be expected to cause subtle differ-
ences in the wiring of the CNS as well as the response of
individual neurons to stimuli. Consequently, such changes
could result in species-specific behavioral differences, an
area for future research.
We also documented similar subtle changes in the
patterns of ind expression between Drosophila and Tribo-
lium. In Drosophila, ind is expressed in a continuous
column of cells throughout the entire segmented region of
the CNS and all intermediate column neural precursors. In
contrast, Tc-ind expression is restricted to the posterior two-
thirds of the intermediate column in each segment. Subtle
differences in the expression of a gene that regulates neural
precursor formation and fate, such as ind, likely underlie
differences in the number, fate, and differentiation of
intermediate column neural precursors and their progeny
between species. Thus, while our data and those of others
suggest that selective pressures place considerable restraint
on the genetic regulatory network that governs neural
precursor formation and patterning in insects, they also
identify areas of plasticity within the network. In the future,
it will be important to see whether differences in behavior
actually result from altered regulation of developmental
genes such as msh and ind.
Towards an understanding of neural cell patterning and
morphological diversity
In Drosophila, segment polarity and columnar genes
dictate the neural precursor pattern. General conservation of
neural precursor patterns in insects, as well as derived
crustaceans, supports the idea that the last common ancestor
of these two arthropod groups also used segment polarity and
columnar genes to pattern neural precursors. However,
observations in chelicerates and myriapods identify signifi-
cant differences in the mechanisms of neuronal cell
formation between divergent arthropod groups. For example,
in chelicerates and myriapods, CNS neurons form via the
mass delamination of groups of ectodermal cells that directly
acquire neuronal fates (Dove and Stollewerk, 2003; Stolle-
werk et al., 2001). Nevertheless, initial research identifies
molecular parallels between early neurogenesis in insects,
chelicerates, and myriapods as ac/sc genes function in all
three to initiate the selection of neural cells from the
neuroectoderm (Dove and Stollewerk, 2003; Stollewerk et
al., 2001). These data, together with our observations,
suggest that a small number of key regulatory molecules,
including the columnar and segment polarity genes, pattern
and promote the formation and fate of neural cells in
arthropod species. Subtle differences in the spatiotemporal
expression of these genes can then alter neuronal pattern, cell
division, and function producing neuronal diversity between
species.ac/sc gene orthologs also promote neurogenesis in
vertebrates and orthologs of vnd, ind, and msh pattern the
DV axis of the vertebrate CNS (Cornell and Ohlen, 2000;
D’Alessio and Frasch, 1996), suggesting that the ac/sc and
columnar genes play evolutionarily conserved roles to
regulate neural patterning. Many questions remain about
the evolution of vnd, ind, and msh expression and function.
For example, when did vnd, ind, and msh acquire their role
in neural precursor formation? Did this precede or follow
their role in controlling the differentiation of neurons and
glia? And, how have alterations to the expression and
function of vnd, ind, and msh during the course of evolution
modified neural development in vertebrates and inverte-
brates? Future work in other arthropod groups, protochor-
dates, and basal chordates should illuminate how
modifications to columnar and ac/sc gene expression and
function contribute to the formation and morphological
diversity of bilaterian nervous systems.Acknowledgments
We would like to thank Grace Boekhoff-Falk, Sue
Brown, Steve Crews, Jeremy Gibson-Brown, Hemlata
Mistry, Joe Kearney, and Ferrin Wheeler for helpful
discussions, critical review of the manuscript, and scientific
expertise. This work was supported by a grant from the
National Aeronautics and Space Agency, NAG21500.References
Bhat, K.M., 1999. Segment polarity gene in neuroblast formation and
identity specifications during Drosophila neurogenesis. Bioessays 21,
472–485.
Brown, S.J., Mahaffey, J.P., Lorenzen, M.D., Denell, R.E., Mahaffey,
J.W., 1999. Using RNAi to investigate orthologous homeotic gene
function during development of distantly related insects. Evol. Dev. 1,
11–15.
Buescher, M., Chia, W., 1997. Mutations in lottchen cause cell fate
transformations in both neuroblast and glioblast lineages in the
Drosophila embryonic central nervous system. Development 124,
673–681.
Chu, H., Parras, C., White, K., Jimenez, F., 1998. Formation and
specification of ventral neuroblasts is controlled by vnd in Drosophila
neurogenesis. Genes Dev. 12, 3613–3624.
Cornell, R.A., Ohlen, T.V., 2000. Vnd/nkx, ind/gsh, and msh/msx:
conserved regulators of dorsoventral neural patterning? Curr. Opin.
Neurobiol. 10, 63–71.
D’Alessio, M., Frasch, M., 1996. msh may play a conserved role in
dorsoventral patterning of the neuroectoderm and mesoderm. Mech.
Dev. 58, 217–231.
Dove, H., Stollewerk, A., 2003. Comparative analysis of neurogenesis in
the myriapod Glomeris marginata (Diplopoda) suggests more
similarities to chelicerates than to insects. Development 130,
2161–2171.
Duman-Scheel, M., Patel, N.H., 1999. Analysis of molecular marker
expression reveals neuronal homology in distantly related arthropods.
Development 126, 2327–2334.
Felsentein, J., 1993. PHYLIP (phylogeny inference package) v3.5c.
Cladistics 5, 164–166.
S.R. Wheeler et al. / Developmental Biology 279 (2005) 491–500500Gabay, L., Seger, R., Shilo, B.Z., 1997. In situ activation pattern of
Drosophila EGF receptor pathway during development. Science 277,
1103–1106.
Galant, R., Skeath, J.B., Paddock, S., Lewis, D.L., Carroll, S.B., 1998.
Expression pattern of a butterfly achaete-scute homolog reveals the
homology of butterfly wing scales and insect sensory bristles. Curr.
Biol. 8, 807–813.
Isshiki, T., Takeichi, M., Nose, A., 1997. The role of the msh homeobox
gene during Drosophila neurogenesis: implication for the dorsoventral
specification of the neuroectoderm. Development 124, 3099–3109.
Jimenez, F., Campos-Ortega, J.A., 1990. Defective neuroblast commitment
in mutants of the achaete-scute complex and adjacent genes of D.
melanogaster. Neuron 5, 81–89.
Jimenez, F., Martin-Morris, L.E., Velasco, L., Chu, H., Sierra, J., Rosen,
D.R., White, K., 1995. vnd, a gene required for early neurogenesis
of Drosophila, encodes a homeodomain protein. EMBO J. 14,
3487–3495.
McDonald, J.A., Holbrook, S., Isshiki, T., Weiss, J., Doe, C.Q., Mellerick,
D.M., 1998. Dorsoventral patterning in the Drosophila central nervous
system: the vnd homeobox gene specifies ventral column identity.
Genes Dev. 12, 3603–3612.
Mellerick, D.M., Nirenberg, M., 1995. Dorsal–ventral patterning genes
restrict NK-2 homeobox gene expression to the ventral half of the
central nervous system of Drosophila embryos. Dev. Biol. 171,
306–316.
Mitchison, T.J., Sedat, J., 1983. Localization of antigenic determinants in
whole Drosophila embryos. Dev. Biol. 99, 261–264.
Patel, N.H., Martin-Blanco, E., Coleman, K.G., Poole, S.J., Ellis, M.C.,
Kornberg, T.B., Goodman, C.S., 1989. Expression of engrailed proteins
in arthropods, annelids, and chordates. Cell 58, 955–968.
Skeath, J.B., 1998. The Drosophila EGF receptor controls the formation
and specification of neuroblasts along the dorsal–ventral axis of the
Drosophila embryo. Development 125, 3301–3312.
Skeath, J.B., 1999. At the nexus between pattern formation and cell-
type specification: the generation of individual neuroblast fates in
the Drosophila embryonic central nervous system. BioEssays 21,
922–931.
Skeath, J.B., Panganiban, G.F., Carroll, S.B., 1994. The ventral nervous
system defective gene controls proneural gene expression at two distinct
steps during neuroblast formation in Drosophila. Development 120,
1517–1524.Smith, S.T., Jaynes, J.B., 1996. A conserved region of engrailed, shared
among all en-, gsc-, Nk1-, Nk2- and msh-class homeoproteins,
mediates active transcriptional repression in vivo. Development 122,
3141–3150.
Stollewerk, A., Weller, M., Tautz, D., 2001. Neurogenesis in the spider
Cupiennius salei. Development 128, 2673–2688.
Thomas, J.B., Bastiani, M.J., Bate, M., Goodman, C.S., 1984. From
grasshopper to Drosophila: a common plan for neuronal development.
Nature 310, 203–207.
Truman, J.W., Ball, E.E., 1998. Patterns of embryonic neurogenesis in a
primitive wingless insect, the silverfish, Ctenolepisma longicaudata:
comparison with those seen in flying insects. Dev. Genes Evol. 208,
357–368.
von Ohlen, T., Doe, C.Q., 2000. Convergence of dorsal, dpp, and egfr
signaling pathways subdivides the Drosophila neuroectoderm into three
dorsal–ventral columns. Dev. Biol. 224, 362–372.
Weiss, J.B., Von Ohlen, T., Mellerick, D.M., Dressler, G., Doe, C.Q., Scott,
M.P., 1998. Dorsoventral patterning in the Drosophila central nervous
system: the intermediate neuroblasts defective homeobox gene specifies
intermediate column identity. Genes Dev. 12, 3591–3602.
Wheeler, S.R., Carrico, M.L., Wilson, B.A., Brown, S.J., Skeath, J.B.,
2003. The expression and function of the achaete-scute genes in
Tribolium castaneum reveals conservation and variation in neural
pattern formation and cell fate specification. Development 130,
4373–4381.
Whitington, P.M., 1996. Evolution of neural development in the arthropods.
Semin. Cell Dev. Biol. 7, 605–614.
Wulbeck, C., Simpson, P., 2000. Expression of achaete-scute homologues
in discrete proneural clusters on the developing notum of the medfly
Ceratitis capitata, suggests a common origin for the stereotyped bristle
patterns of higher Diptera. Development 127, 1411–1420.
Wulbeck, C., Simpson, P., 2002. The expression of pannier and achaete-
scute homologues in a mosquito suggests an ancient role of pannier as a
selector gene in the regulation of the dorsal body pattern. Development
129, 3861–3871.
Yagi, Y., Suzuki, T., Hayashi, S., 1998. Interaction between Drosophila
EGF receptor and vnd determines three dorsoventral domains of the
neuroectoderm. Development 125, 3625–3633.
Zhao, G., Skeath, J.B., 2002. The Sox-domain containing gene Dichaete/
fish-hook acts in concert with vnd and ind to regulate cell fate in the
Drosophila neuroectoderm. Development 129, 1165–1174.
